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Gravity-Driven Groundwater Flow and Slope Failure Potential

2. Effects of Slope Morphology, Material Properties,
and Hydraulic Heterogeneity

MARrkK E. REID! AND RICHARD M. IVERSON
U.S. Geological Survey, Cascades Volcano Observatory, Vancouver, Washington

Hillslope morphology. material properties, and hydraulic heterogeneities influence the role of
groundwater flow in provoking slope instability. We evaluate these influences quantitatively by
employing the elastic effective stress model and Coulomb failure potential concept described in our
companion paper (Iverson and Reid. this issue). Sensitivity analyses show that of four dimensionless
quantities that control model results (i.e., Poisson's ratio, porosity. topographic profile. and hydraulic
conductivity contrast), slope profiles and hydraulic conductivity contrasts have the most pronounced
and diverse effects on groundwater seepage forces, effective stresses, and slope fatlure potentials.
Gravity-driven groundwater flow strongly influences the shape of equilibrium hillslopes, which we
define as those with uniform near-surface failure potentials. For homogeneous slopes with no
groundwater flow, equilibrium hillslope profiles are straight; but with gravity-driven flow, equilibrium
profiles are concave or convex-concave, and the largest failure potentials exist near the bases of
convex slopes. In heterogeneous slopes. relatively slight hydraulic conductivity contrasts of less than
1 order of magnitude markedly affect the seepage force field and slope failure potential. Maximum
effects occur if conductivity contrasts are of four orders of magnitude or more, and large hydraulic
gradients commonly result in particularly large failure potentials just upslope from where low-

conductivity layers intersect the ground surface.

INTRODUCTION

Gravity-driven groundwater flow in saturated hillslopes
produces seepage forces that vary in magnitude and direc-
tion. These spatially variable seepage forces combine with
uniform gravity and buoyancy forces to cause slope defor-
mation, even in the absence of tectonic forces. The relation-
ship between groundwater flow, effective stresses, and de-
formation that may lead to slope failure is not always
obvious, however. Consequently, in a companion paper
[Iverson and Reid, this issue] (hereafter referred to as Part 1)
we formulated a linear poroelastic model of effective stresses
and infinitesimal deformations in hillslopes with steady
groundwater flow. We implemented the model using two
finite element codes and analyzed the influence of gravity-
driven groundwater flow on effective stresses in a straight,
homogeneous hillslope. We also introduced the concept of a
Coulomb slope failure potential, which characterized the
potential for frictional instability in each element of the
slope. Our results illustrated some fundamental effects of
groundwater flow on slope stability, and they established a
framework for addressing the more complex situations that
exist in natural hillslopes.

Natural hillslopes exhibit a wide range of geologic and
hydrologic characteristics. Hillslope materials include rocks
and soils with diverse physical properties, and slopes have a
variety of topographic profiles. Commonly, natural hills-
lopes have rock or soil layers with differing hydraulic con-
ductivities. These heterogeneities may strongly influence
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groundwater flow and lead to locally large seepage forces.
All these factors may. in turn, influence the effective stress
distribution in the hillslope and thereby control the location
of areas with large slope failure potentials.

In this paper we determine the distributions of seepage
force, elastic effective stress, and Coulomb failure potential
in hillslopes with a variety of topographic profiles, material
properties, and hydraulic heterogeneities. We focus espe-
cially on modifications of failure potential that result from
groundwater flow. Although many previous studies indicate
a correlation between excess pore pressures (i.e., pressure
deviations from hydrostatic, which drive groundwater flow)
and slope failure, they do not investigate the effective stress
field modifications caused by the excess pore pressure
distribution [e.g.. Reid et al.. 1988]). We investigate these
groundwater effects by including spatially variable seepage
forces in our effective stress analysis.

Throughout our analysis, we use the same governing
equations, boundary conditions for periodic topography, and
finite element modeling approach described in Part 1. By
conducting a systematic sensitivity analysis of model results
we address important questions such as: do the matenal
properties of a hillslope strongly influence effective stresses
and failure potential?; do certain hillslope geometries have
higher failure potentials than others?: and what types of
hydraulic heterogeneities produce seepage forces that lead
to particularly large failure potentials? We begin by explain-
ing our use of the failure potential ® and by examining the
effects of variations in Poisson’s ratio », bulk density p,. and
hillslope shape on effective stresses and failure potentials in
saturated, homogeneous hillslopes. Then we assess the
effects of spatially variable hydraulic conductivities on the
distributions of seepage force. effective stress, and failure
potential. Finally, we discuss how these effects may influ-
ence the location of slope fatlures and the geomorphology of
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FAILURE POTENTIAL

Shear failure of cohesionless earth materials is described
well by the Coulomb failure rule:
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where o) and ¢3 are the maximum and minimum principal
effective stresses, respectively; 7., is the maximum shear
stress; o, is the mean effective normal stress (positive in
tension); and ¢ is the angle of internal friction (Part 1). We
can evaluate the stress ratio |7, |/(—a),) without knowl-
edge of the angle of internal friction, and we consequently

define the quantity
P = |Tr’naxl/(_arln) (2)

as a dimensionless measure of the shear failure potential at
any point. In hillslopes with significant spatial variations in
¢, values of ® provide an imprecise measure of the relative
failure potential at different points. However, in hillslopes
with uniform ¢, ¢ provides an accurate index of the relative
failure potential. Owing to our focus on groundwater effects
and our desire to avoid the complicating influences of
strength heterogeneity, we use ® values extensively to
assess distributions of slope failure potential (cf. Part 1),

HoMoGENEOUS HILLSLOPES

In our effective stress model the governing equations
contain five parameters, which have values that may differ
between various homogeneous hillslopes. These parameters
include K, the hydraulic conductivity, in the equation for
steady state, saturated groundwater flow (equation (15) in
Part 1) and Poisson’s ratio », Young’s modulus E, pore
water density p,,, and bulk mixture density p, in the equa-
tions for elastic displacement (equation (17) in Part 1). For a
saturated hillslope composed of homogeneous, isotropic
material and for the boundary conditions we use, the value
of the hydraulic conductivity, K, does not influence the
hydraulic head distribution. It ailso does not affect the
seepage force field (specified by —p,gVh, where h is
hydraulic head and g is the magnitude of gravitational
acceleration) that influences the elastic effective stresses.
Thus in this case the value of K does not influence the failure
potential of the hilislope.

In homogeneous porous media, only two of the four
parameters in the elastic displacement equations are inde-
pendent of one another and influence the effective stress
distribution. Although E appears in the displacement equa-
tions, the use of Hooke’s law for a homogeneous, isotropic,
linearly elastic material eliminates E from the stress solution
(see Part 1), Thus only one elastic parameter v influences the
effective stress distribution and failure potential. Bulk den-
sity p, can vary with the densities of the solid and fluid
phases as well as the porosity n of the material. However, if
we assume that the solid, p,, and fluid, p,,, densities are
constant, then only the porosity » is required to calculate p,
for both dry and saturated hillslopes:

dry p,= (1 - n)p, (3a)

catratad n, — (1 = wlp, & nn, (1h)
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TABLE 1. Typical Properties of Earth Materials
Hydraulic
Poisson’s Porosity, Conductivity,§
Material Ratio, » n K, m/s
Soils* 0.28-0.333  0.1-0.6 10721077
Sedimentary Rocks  0.1-0.3f 0.01-0.25% 1076-(0~10
Crystalline Rocks 0.1-0.25t low 107010713

*Data are from Lambe and Whitman [1979].

tData are from Birch [1966] and Jaeger and Cook [1979].
tData are from Daly et al. [1966].

§Data are from Freeze and Cherry [i1979].

Thus for a homogeneous, isotropic material, the controlling
physical parameters are v and n. Typical values of these
parameters for rocks and soils are shown in Table 1. We
focus initially on the effects of these two parameters; then
we examine effects of variations in slope inclination and
morphology. Our results are nondimensionalized as de-

scribed in Part 1.

Effect of Poisson’s Ratio

Poisson’s ratio v for soils and rocks commonly ranges
between 0.1 and 0.333 (Table 1). The coefficient of lateral
earth pressure, K,, commonly used in soil mechanics is
related to the elastic Poisson’s ratio v by [Dunn et al., 1980]:

K,=v/(1 —v) 4)

Thus the K, value of 0.5, commonly used for normally
consolidated soil {Lambe and Whitman, 1979] is equivalent
to a v value of 0.333,

Using finite element models (described in Part 1), we
analyze the influence of » on the elastic effective stress field
and Coulomb failure potential in a straight hillslope with an
inclination of 26.6° and a porosity n of 0.1 (a dry p, of 2385
kg/m?, and a saturated p, of 2485 kg/m®). We use three
values of »: 0.1, 0.25, and 0.333. Table 2 summarizes the
hillslope properties used in these simulations as well as those
used in the other simulations described in this paper.

As the value of vincreases, stresses acting in one direction
have more influence on stresses acting in other directions,
and the vertical gravitational force induces more lateral
expansion in response to vertical contraction. Accordingly,
the magnitudes of the two principal stresses, o; and o3,
become more equal as » increases. This, in turn, decreases
shear stresses and the hillslope failure potential. Figure 1
shows this effect for a material element near the surface of a
dry, elastic hillslope. The reduction in ¢ is also present in
saturated hillslopes. For three saturated hillslopes with
different values of », Figure 2 shows regions with a failure
potential @ greater than 0.7. A small region of lateral tensile
stress exists near the toe of the slope in the case with » = 0.1.
As vincreases, the zone of tension disappears and the extent
of regions with large ® decreases. It is clear from these
results that » strongly influences the extent of regions with a
large failure potential.

Figure 3 shows contours of the percent increase in &
between dry and saturated hillslopes for the three different
Poisson’s ratios considered in Figure 2. This change in ® is
significant because it shows the influence of » on the extent
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TABLE 2. Summary of Hillslope Properties Used to Generate Model Results
Heterogeneity Figures
(logjg of X Showing
Hillslope Property: v n Inclination Morphology contrast) Results
Homogeneous Hillslopes
Effects of:
Poisson’s Ratio, v 0.1 0.1 26.6° (2:1) straight 0 1,2,3
0.25 0.1 26.6° (2:1) straight 0 1,2,3
0.333 0.1 26.6° (2:1) straight 0 1,2,3
porosity, n 0.333  0.01 26.6° (2:1) straight 0 4,5
0.333 0.1 26.6° (2:1) straight 0 4,5
0.333  0.25 26.6°(2:]) straight 0 4,5
0.333 0.4 26.6° (2:1) straight 0 4,5
inclination 0.333 0.1 45° (1:1) straight 0 6
0.333 0.1 26.6° (2:1) straight 0 6
0.333 0.1 18.4° (3:1) straight 0 [3
morphology 0.333 0.1 26.6° (2:1) straight 0 7,8
0.333 0.1 26.6° (2:1) convex 0 7,8
0.333 0.1 26.6° (2:1) concave 0 7.8
0.333 0.1 26.6° (2:1)  convex-concave 0 7.8
Heterogeneous Hillslopes
Effects of:
slope-parallel layer  0.333 0.1 26.6° (2:1) straight +4 12
0.333 0.1 26.6° (2:1) straight -0.7 12
horizontal layer 0.333 0.1 26.6° (2:1) straight +1 13
0.333 0.1 26.6° (2:1) straight -1 13
vertical layer 0.333 0.1 26.6° (2:1) straight +4 14
0.333 0.1 26.6° (2:1) straight -4 14

state and failure potential of the hillslope. The overall
percent increase in & is smallest in hillslopes with small
values of v (0.1). In hillslopes with v = 0.25 and 0.333 the
percent increase is greater because the effective stress state
is more nearly spherical (i.e., o3 — o) and the role of
groundwater flow in producing deviatoric stresses is more
significant. However, the percent increase in ¢ for these two
cases is very similar. Thus for our subsequent analyses our
choice of v in the range 0.25-0.33 is relatively unimportant
because we are interested primarily in the extent to which
gravity-driven groundwater flow modifies the failure poten-
tial in a hillslope and not in the absolute magnitude of ®.

Effect of Porosity

The porosity n of rocks and soils ranges from less than
0.01 to over 0.6 (Table 1). If we assume typical densities for
the pore water, p,., of 1000 kg/m? and for the solids, ps, of
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2650 kg/m?, then we can calculate the dry p, and saturated p,
for any porosity using (3a) and (35). Table 3 shows the bulk
densities corresponding to selected values of porosity. Using
finite element models, we compute the influence of differ-
ences in porosity (and therefore in p,) on the failure potential
in a straight hillslope having » = 0.333 and the properties
shown in Table 2. We use dry and saturated bulk densities
corresponding to n values of 0.01, 0.1, 0.25, and 0.4.

For dry hillslopes an increase in n (or decrease in p,)
decreases the gravitational body force and thereby decreases
the magnitudes of the two principal stresses. However, both
stresses are decreased by a proportional amount, their
orientation remains the same, and the failure potential ®
consequently remains the same throughout the hillslope.
Figure 4 illustrates this effect for a selected element near the
surface of the slope.

In contrast, the magnitude and orientation of the principal
effective stresses as well as the Coulomb failure potential
differ between saturated hillslopes with different values of n.
Figure 5 shows regions with a failure potential greater than
0.7 for saturated hillslopes having n = 0.01, 0.25, and 0.4
(n 0.1 is shown in Figure 2). These regions become
somewhat larger, especially near the toe of the slope, as n
increases. Because the seepage forces (—p, gVh) are not
affected by p,, they remain constant as porosity increases.
However, the gravitational body force that acts on the solids
decreases as p, decreases and n increases. Therefore the
effects of the seepage forces become more prominent as
porosity increases. In spite of the fact that n increases by
more than an order of magnitude, the change in failure
potential shown in Figure S is relatively small.

Effect of Slope Inclination
Depending on material strength, gravity-induced landslid-
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Fig. 2.

Shading shows regions with failure potential & greater than 0.7 in saturated hillslopes with differing values of

Poisson’s ratio .

tal. However, subaerial landslides typically occur under a
more limited range of inclinations. For example, Campbell
[1975] noted that shallow soil slips are common on natural
slopes with a horizontal-to-vertical (H:V) ratio between 3:1
(18.4°) and 1:1 (45°). We investigate the effective stress
distribution and failure potential in straight hillslopes with
three different angles of inclination: 18.4°, 26.6°, and 45°. All
three hillslopes have a nondimensional height of one. Table
2 lists the other relevant hillslope properties.

For all three inclinations the overall groundwater flow,
effective stress, and failure potential patterns are similar to
those for the straight, homogeneous, 2:1 (26.6°) hillslope
discussed in Part 1. In all cases the largest & values occur in
the near-surface region, and @ values increase with the
addition of gravity-driven groundwater flow. Figure 6 shows
the normalized seepage forces (specified by —Vh) and
contours of @ greater than 0.7 for the three saturated
hillslopes with different inclinations. In all three the patterns
are similar and & values are largest near the toe of the slope,
where flow is upward and outward. In the steeper slopes the
near-surface compressive stresses oriented subparallel to the
ground surface become larger, and consequently near-
surface ® values increase.

Effect of Slope Morphology

Natural hillslopes have a variety of shapes that result from
diverse bedrock lithology and structure, climate and vegeta-
tion, and geologic histories. Straight, convex, concave, and
combination convex-concave slope profiles are all common
[Carson and Kirkby, 1972]. Although the topography in our

model is constrained to be periodic by the boundary condi-
tions described in Part 1, the shape of the upper boundary
representing the ground surface may vary. We use four
different slope profiles, described by the equations in Table
4, to investigate the effects of differences in slope morphol-
ogy on the groundwater flow pattern and the effective stress
distribution within a hiilslope. For our simuiations the over-
all slope is 2:1, and the slope’s physical properties are listed
in Table 2.

Figure 7 shows contours of failure potential @ for dry
hillslopes having the four different profiles. In all cases the
value of @ is largest near the surface. Although ® values are
nearly uniform near the surface in the straight slope, they
vary in the other profiles. ® values are largest near the toe of
the slope in the convex slope, in the upper midslope in the
concave slope, and in the steep midslope section of the
convex-concave slope. In these cases, @ values are gener-
ally the largest in the steepest sections of the slope, provided
they are relatively distant from the lateral boundaries.

When the slope is saturated with flowing groundwater, the
patterns and magnitudes of failure potential change. Figure 8
illustrates the normalized seepage force vectors and con-
tours of & for the saturated slopes. The pattern of near-
surface & values can be interpreted by examining the inter-
action of the local topographic steepness and the direction
and magnitude of near-surface groundwater seepage forces.
In the convex profile the seepage force vectors are large and
oriented outward from the slope in the steep toe region. Here
both the local steepness and the flow direction combine to
create a region of tensile stresses as well as large values of ®.
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TABLE 3. Porosity and Bulk Density Variation
Porosity, Dry, Saturated,
n PulPw PP
0.01 2.62 2.63
0.1 2.38 2.48
0.25 1.99 2.24
0.4 1.59 1.99

Computed densities are based on the values p,. = 1000 kg/m? and
ps = 2650 kg/m>.

In the concave profile, @ values are generally more uniform
near the surface, with a local high-® region in the midslope.
Here flow subparallel to the slope acts to expand the region
of high @ values relative to that in the dry hillslope. In the
convex-concave profile, ¢ values are large and nearly uni-
form in the steeper near-surface region. In both the concave
and convex-concave profiles, groundwater flow is downward
or subparallel to the slope in the steeper midslope section
and outward at the less-steep toe. This outward flow at the
toe compensates for the lack of steepness and increases the
& values, creating a more uniform near-surface distribution
of ®.

HETEROGENEOUS HILLSLOPES

Most natural hillslopes are composed of stratified earth
materials with different physical properties. This stratifica-
tion, resulting from diverse geologic processes, can take
many forms, including slope-parallel surficial deposits or
weathering products overlying rock, nearly horizontal layers
of sedimentary or volcanic rocks, or nearly vertical, dikelike
intrusions. The hydraulic conductivity K of geologically
dissimilar soils and rocks ranges over roughly 11 orders of
magnitude, and for apparently similar materials it may range
over 3 or 4 orders of magnitude (Table 1) [Iverson and
Major, 1987]. Contrasts in the hydraulic conductivity of
layered materials can profoundly modify the groundwater
flow field [cf. Freeze and Witherspoon, 1967] and create
locally large seepage forces.

To examine the influence of stratified materials on slope
failure potential, we use three layered configurations with a
straight 2:1 slope profile: a slope-parallel layer, a horizontal
layer, and a vertical layer (Figure 9). A straight profile
eliminates stress modifications induced by local variations in
slope angle. In each case the layer has a hydraulic conduc-
tivity that differs from that of the surrounding materials. In
steady state groundwater flow systems the contrast in K
values between materials, not the magnitude of K, affects
the hydraulic head distribution. Moreover, although the
magnitude of K greatly affects the Darcian flow velocity
(given by — K Vh), it does not affect the seepage force (given
by —p,gVh). Therefore we restrict our attention to the
hydraulic conductivity contrast between the layer and the
surrounding material.

Cases A and B in Figure 10 show the normalized seepage
force vectors in two hillslopes having a layer with a higher
hydraulic conductivity parallel to the slope profile. In case A
the conductivity of the layer is only 1 order of magnitude
greater than that of the underlying material, whereas in case
B the conductivity of the layer is 4 orders greater. In both

Lillolupvo thiv Moy pattvan io siguifivandy Jdiffuivae v thiac

in the homogeneous hillslope (compare with Figure 8). In the
layered cases, flow in the upper layer is subparallel to the
slope profile. Flow velocity vectors (not shown in the figure)
increase proportionally as the hydraulic conductivity of the
layer increases. Thus flow velocities in the high-conductivity
layer are orders of magnitude larger than in the underlying
low-conductivity material. However, even with greatly dif-
ferent hydraulic conductivity contrasts in cases A and B, the
overall seepage force field is surprisingly similar. It is the
seepage force field, not the flow velocity field, that influences
the elastic effective stress field and failure potential.

Cases C and D illustrate the seepage force vectors in two
hillslopes having a vertical low-conductivity layer. Case C
has a layer 1 order of magnitude lower than the surrounding
material; case D has a layer 4 orders lower. As with the
slope-parallel layer, the seepage force field in these two
cases is very similar, although the vectors are somewhat
larger in case D. Two aspects of the seepage force field in
both these layered hillslopes are particularly interesting: (1)
even a small hydraulic conductivity contrast significantly
modifies the seepage force field, and (2) a larger conductivity
contrast modifies the seepage force field in a manner similar
to that of a smaller contrast. These two aspects are common
to all our hillslope seepage force fields with slope-paraliel,
horizontal, or vertical layers.

Because seepage forces are derived directly from the
hydraulic head distribution, we examine this distribution to
ascertain differences between layered hillslopes with dif-
ferent hydraulic conductivity contrasts. Figure 11 shows the
maximum change in hydraulic head induced by different K
contrasts; these changes are relative to a homogeneous
hillslope. For each of the three layer geometries we consider
the maximum hydraulic head change is largest for large
conductivity contrasts. However, most of the head change
occurs between no contrast and 3 or 4 orders of magnitude
contrast. Greater contrasts have little effect on the maximum
head change. For these cases our results indicate that a
hydraulic conductivity contrast of 4 orders of magnitude
(log1p (Kpayer/K surrounding) = *4) is sufficient to obtain the
maximum change in seepage forces that can be induced by
hydraulic heterogeneities. These large contrasts can lead to
regions of large negative pressure head, indicating partially
saturated conditions, in hillslopes with slope-parallel or
horizontal layers. Our model does not account for partially
saturated conditions (cf. Part 1).
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Fig. 4. Failure potential @ as a function of porosity » at element
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Fig. 5. Shading shows regions with failure potential ® greater than 0.7 in saturated hillslopes with differing porosity n.

As a consequence of these findings, we use a K contrast of
4 orders of magnitude for three cases: a high-conductivity
slope-parallel layer, a high-conductivity vertical layer, and a
low-conductivity vertical layer. To maintain positive pres-
sure heads throughout the flow domain, we use lower
conductivity contrasts in the other three cases (low-
conductivity slope-parallel layer, both low- and high-
conductivity horizontal layers). Although physical proper-
ties other than hydraulic conductivity may vary with
layering, our simulations use a uniform » equal to 0.333 and
n equal to 0.1 throughout the hillslope (Table 2). Compared
with other possible values (shown in Table 1), these values
of v and n are conservative in that they tend to minimize the
effects of seepage forces. Thus our simulations illustrate the
maximum effects induced by hydraulic conductivity con-
trasts, while minimizing the influences of » and n.

Slope-Parallel Layer

To investigate the failure potential of heterogeneous hill-
slopes with a layer that parallels the slope surface, we
analyze two cases: one with a layer hydraulic conductivity
that is 4 orders of magnitude higher than that of the under-
lying material, the other with a layer conductivity that is 5
times lower. Figure 12 shows the seepage force vectors and
contours of ® greater than 0.7 for these two cases. With the
higher-K layer (case A), groundwater flow throughout much
of the layer is subparallel to the slope surface. This flow
pattern is very similar to that assumed in the commonly used
infinite slope, limit equilibrium slope stability model with
slope-parallel flow [e.g., Skempron and Delory, 1957]. This
flow pattern has also been hypothesized to occur in shallow
soil slips [Campbell, 1975]. In the underlying region, flow is
similar to that in the homogeneous hillslope. The value of ®
is highest and approximately uniform near the surface of the
slope-parallel layer.

With the lower-K layer parallel to the slope (case B) the
seepage force field differs from those in both the higher-K
layer hillslope (case A) and the homogeneous hillslope. Here
seepage forces are large in the slope-parallel layer, oriented
downward in the upslope portion and upward in the downs-
lope portion of the slope. Seepage forces in the underlying
material with higher K are smaller. The downslope portion
of the layer has very large ® values. This case exhibits

substantially higher failure potentials than either case A or
the homogeneous case.

Horizontal Layer

In hillslopes having a horizontal layer with a hydraulic
conductivity contrast of 1 order of magnitude, the seepage
force patterns and Coulomb failure potentials differ from
those in the hillslopes with a slope-paralle] layer. With a
higher-K horizontal layer (case A of Figure 13), seepage
forces in the layer are small and directed outward near the
ground surface. Above the layer in lower-K material, seep-
age forces are larger but directed vertically downward.
Below the layer, seepage forces are similar to those in the
homogeneous hillslope. The highest failure potential occurs
in a thin zone near the surface in the layer and downslope of
the layer where seepage forces are directed outward from
the slope.

In case B (Figure 13) with a lower-K layer, seepage forces
are very large in the layer but are directed downward. Above
the layer, seepage vectors are oriented outward from the
slope. Below the layer in the higher-K material, seepage
forces are generally small, with some larger forces acting
upward near the toe of the slope. Failure potential is highest
where seepage forces are directed outward from the slope,
above the layer and at the toe of the slope.

Vertical Layer

Seepage forces in a hillslope having a vertical layer of
contrasting hydraulic conductivity differ markedly from
those in the previous cases. Figure 14 shows the seepage-
force vectors and contours of @ for a higher-K vertical layer
(case A) and for a lower-K vertical layer (case B). In case A
with a higher-KX layer, seepage forces are small in the layer.
Much larger seepage forces occur in the surrounding low-
er-K material with an overall flow pattern similar to that in
the homogeneous hillslope. Seepage force vectors are par-
ticularly large near the surface downslope of the layer. ® is
largest at the downslope edge of the vertical layer where
large seepage forces are directed outward from the slope.

With a lower-K layer in case B, seepage forces are very
large in the layer (hydraulic gradients exceed 1.0) and are
directed horizontally. Seepage forces in the surrounding
higher-K material are smaller except near the surface. On
each side of the layer, flow circulates in nearly isolated cells.
Seepage forces just upslope of the layer are large and
directed outward from the slope. Because of this and the

large horizontal seepage forces in the vertical layer, a large
region U1 Mgn W CXIsts upsiope oI tne verucal layer,
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ure potential & greater than 0.7 in saturated hillslopes with differing
slope inclinations: (a) 1:1; (b) 2:1; (¢) 3:1.

DiscussioN

Our model results show how hillslope morphology, mate-
rial properties, and hydraulic heterogeneities can markedly
affect the magnitude and distribution of the failure potential
& within a saturated hillslope. As a consequence of gravity-
driven groundwater flow, near-surface hillslope regions al-
most universally have an increased @ in comparison to a dry
hillslope. Material properties such as density p, and Pois-

senle swtiv ¢ v wllfvet the vhange G # Lotrevn diy and
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TABLE 4. Slope Profiles
Morphology Profile Equation*
Straight yiH = 1—(.r(/L)1
Convext v/iH = 1—(x/L)*
Concavet v/H = 1-(x/L)%?
Convex-concavef viH = 19
: 1/9 + (x/L)?
*H is the hillslope height, measured vertically, and L is the

hillslope length, measured horizontally.
+Equation modified from Kirkby [1971].
tEquation modified from McTigue and Mei [1981].

saturated hillslopes. However, in our examples, slope mor-
phology and hydraulic heterogeneities have a much larger
effect on ®. These two factors can greatly modify both the
seepage force field due to gravity-driven groundwater flow
and the resulting effective stress field.

Geomorphological Implications

The distribution of near-surface failure potential in hills-
lopes may have significant geomorphological consequences,
particularly for landscapes sculpted primarily by mass move-
ments. Other investigators have proposed that tectonically
or gravitationally induced stress fields in steep mountainous
regions can lead to the development of statically stable forms
such as spurs, pyramids, and rounded convex pillars [Gerber
and Scheidegger, 1969, 1975]. Although speculative, we can
extend this line of reasoning further. If hillslope sections
with locally high ® are more prone to slope failure, then
landsliding processes might be expected to alter the hillslope
morphology. However, if a particular slope morphology has
a uniform near-surface &, then this slope form may be more
in equilibrium with the effective stress field affecting the
domain. This, in turn, could result in fewer localized slope
failures and a more stable morphology.

A B
Straight Convex
a3
C
Concave Convex-concave
25

Contours of failure potential ® greater than 0.7 in dry

Lillolupes it diffvaing olupy v plhivlugy -

Fig. 7.
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Fig. 8.

with the differing morphologies shown in Figure 7.

landscape by streams may lead to development of steep,

In saturated, homogeneous materials, the largest failure
potentials occur in convex hillslopes where seepage forces

are directed outward from the steep, lower section of the

streamside inner gorges [e.g., Dutton, 1882; Kelsey, 1988].
Gravity-driven groundwater flow and effective stress distri-

butions may contribute to the instability of such inner gorges
in humid regions by increasing the failure potential near the

convex profiles commonly occur in areas dominated by base of the gorge slopes.

slope (see Figure 8). This convex form would be more prone

to slope failure than the other forms we examined. Such

When saturated with flowing groundwater, straight and
convex hillslopes have near-surface regions of locally high

creep movement [Carson and Kirkby, 1972] and in areas of

rapid tectonic uplift, where pronounced incision of the

Vertical

layer

Horizontal

layer

Layer conngurations 10r nyarauiically nererogeneous nisiopes.

Fg. 9.
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Fig. 10. Normalized seepage force vectors for selected

heterogeneous hillslopes. (¢) and (b) High-conductivity

slope-parallel layers with K values | and 4 orders of magnitude greater than that of underlying material. (¢) and (/)
Low-conductivity vertical layers with K values 1 and 4 orders of magnitude less than that of adjacent material.

®. In contrast, concave and convex-concave hillslopes have
a more uniform & near the ground surface (Figure 8). When
dry, the straight form has a more uniform near-surface ¢
(Figure 7). These results indicate that a straight form is more
gravitationally stable in hillslopes without groundwater flow,
whereas a concave or convex-concave form is more gravi-
tationally stable for saturated hillslopes with gravity-driven
groundwater flow. Thus mass movement processes such as
dry ravel may lead hillslope profiles to evolve toward
straight forms in arid regions where saturated groundwater
flow is uncommon. Conversely, concave or convex-concave
slopes would be the expected equilibrium forms in humid
regions where hillslopes are nearly saturated with ground-
water and are sculpted mainly by mass movements. These
“favored’’ slope forms correspond with those most com-
monly observed in arid and humid environments, respec-
tively [Carson and Kirkby, 1972].

Hydrogeological Implications for Slope Stability

In our examples, gravity-driven groundwater flow clearly
affects the elastic effective stress field and can locally

insreace the hillolope fallure potential. Thuo any hydregeo

logical controls on the flow field can be expected to change
the distribution of ®. The greatest increase in ® occurs when
seepage is directed at an angle, A, that is between zero and
90-0 deg. where 8 is the slope angle and A is measured with
respect to an outward-directed surface-normal vector (see
Part 1). This corresponds to seepage directed upward and
outward from the slope. Thus conditions that create large
seepage forces acting in these directions tend to create areas
with large values of ¢,

In hydraulically homogeneous hillslopes, seepage forces
are directed downward at the head of the slope and upward
at the toe. Although this effect is enhanced near the lateral
no-flow boundaries used in our model, it occurs in any
gravity-driven groundwater flow system [cf. Freeze and
Witherspoon, 1966, 1967]. These outwardly directed seepage
forces tend to create a localized region of high @. Therefore
a homogeneous hillslope of uniform steepness (i.e., a straight
slope) has a higher ® near the slope toe as a consequence of
groundwater flow. Our results indicate that most discharge
areas in a saturated hillslope have higher ® than the corre-
sponding region in the identical dry hillslope. Recharge areas

hane o oimilar 4 te that in the someoponding dey remicn.



948

Natural hillslopes, however, are rarely homogeneous.
Typically, some geologic or pedologic stratification is
present, in either or both the soil and the bedrock. Given
even a relatively small hydraulic conductivity contrast be-
tween these layers, significant changes in the groundwater
flow field and corresponding effective stress field result. In a
layered system containing materials of higher and lower
conductivity, larger hydraulic gradients and therefore larger
seepage forces tend to occur in the low-conductivity layers.
Smaller seepage forces occur in the high-conductivity layers
although the flow velocities in these materials are usually
larger.

In particular, low-conductivity layers that impede down-
slope groundwater flow lead to localized areas of high &.
With a slope-parallel low-conductivity layer acting as a
“‘cap’’ on the flow system, large outward directed seepage
forces occur at the slope toe and lead to high @ in that region
(Figure 12b). Vertical or horizontal low-conductivity layers
also lead to large hydraulic gradients in the layer. But more
importantly, they create an abrupt change in the seepage
force direction upslope of the conductivity interface. In both
these cases the seepage forces at this interface are directed
outward from the slope and a high ® occurs in this region. In
the region upslope of this interface, moderate hydraulic
gradients and a higher hydraulic conductivity create larger
flow velocities. This corroborates the common observation

that discharge areas where springs or seeps exist are prone
to slope failure [e.g., Mathewson et al., 1990}. Larger
seepage forces occur in the lower-conductivity material, but

these are directed laterally in the vertical layer (Figure 134)

and vertically in the horizontal layer (Figure 145). When

directed laterally, they modify the effective stress field
upslope of the vertical layer and induce a larger & there.

When directed vertically downward, these seepage forces

act in the direction of gravitational acceleration and have

less effect on the near-surface @ in the layer.
A number of investigators have used field and modeling

40 T T T T
EXPLANATION
o— —e Vertical layer_|]
#----9 Horzontal
layer
»——x Slope-parallel
layer ]

5 —0— -&

MAXIMUM HEAD CHANGE (PERCENT)
o
T

-10}
20} "," .
- *-""
-30t+ -
Layer has lower K Layer has higher K
-40 1 1 | H
-6 -4 -2 0 2 4 6
LOGyo (X layer/ K surrounding)

Fig. 11. Maximum percent change in hydraulic head as a func-
tion of hydraulic conductivity contrast for the straight, saturated,
heterogeneous hillslopes shown in Figure 9. Percent change in head
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Fig. 12. Normalized seepage force vectors and contours of
failure potential ® greater than 0.7 in a saturated hillslope with a
slope-parallel layer. (a) Layer has K value 4 orders of magnitude
higher than that of surrounding material; (») Layer has K value §
times lower than that of surrounding material.

studies to demonstrate that hydraulic heterogeneities may
control the location of slope failures by causing localized
buildup of pore pressures in excess of hydrostatic [e.g.,
Patton and Hendron, 1974; Hodge and Freeze, 1977; Rogers
and Selby, 1980; Pierson, 1983; Rulon and Freeze, 1985,
Wilson and Dietrich, 1987; Reid et al., 1988]. These studies
typically show that horizontal or slope-parallel layers of
contrasting high- and low-conductivity materials found in
many geologic settings can lead to pore pressures locally in
excess of hydrostatic. Excess pressures commonly occur in
the high-conductivity layers that are truncated or confined
by surrounding low-conductivity materials. In one example,
Rogers and Selby [1980] describe failures where higher-
conductivity materials were covered by a clayey surface
layer of lower conductivity. These landslides initially failed
at the toe of the slope. The authors hypothesized that excess
pore pressures occurred in the underlying higher-conductiv-
ity layer. Pierson et al. [1992] note that many shallow slides
in Hawaii occur upslope of vertical intrusive dikes and

nearly horicental masoiry luva flumg thaet wppaivatly liss
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magnitude lower than that of surrounding material.

low conductivities. Our model results demonstrate how each
of these conditions can be destabilizing.

CONCLUSIONS

These conclusions are based on our model assumptions
and results:

1. Material properties, slope morphology, and hydraulic
heterogeneities can each, to some degree, affect the gravity-
driven groundwater flow field, seepage force field, effective
stress field, and Coulomb failure potential & within a satu-
rated hillslope undergoing elastic deformation.

2. In a homogeneous hillslope an increase in Poisson's
ratio » induces more Jateral stress in the near-surface region
and concomitantly decreases ®. For typical soils and rocks
the value of v affects the magnitude of @, but it has little
effect on the change in ® between dry and saturated condi-
tions.

3. In saturated, homogeneous hillslopes, differences in
porosity n have only a small effect on the magnitude and
Aictrikiitian ~AFf A
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4. Steeper slopes have a larger near-surface &. Slope

morphology can greatly affect both the groundwater flow
field and the magnitude and distribution of &. Saturated,

onvex slopes lead to the largest @, which arises where

outward directed seepage forces occur in the steeper toe

egion of the slope.
5. Slope forms with a more uniform near-surface distri-

bution of ® may be most stable and persistent in landscapes
sculpted by landsliding processes. In a dry, homogeneous
hillslope, a straight slope form has a more uniform near-
surface &, whereas in a saturated, homogeneous hillslope.
concave and convex-concave slope forms have a more

uniform near-surface &.

6. Layered materials in a heterogeneous hillslope can

greatly affect both the groundwater flow field and the near-

surface ®. Even a small hydraulic conductivity contrast (less

than an order of magnitude) reorients the seepage force field.
!argpr effect

Lol B v) § S w108 Y

Contrasts of 3 or 4 orders of magnitude have a

LONtIas

However, contrasts greater than this lead to insignificant

further modification of the seepage force field.
In a saturated, hydraulically heterogeneous hillslope,
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seepage forces are largest in the low-hydraulic-conductivity
materials, although flow velocities may be much larger in the
high-conductivity materials. Low-conductivity layers that
impede downslope flow lead to regions of locally high @ near
the interface with the surrounding high-conductivity mate-
rial. In these regions, seepage forces are large and directed
outward from the slope.

8. In summary, gravity-driven groundwater flow in-
creases the failure potential ® in near-surface discharge
areas where seepage forces are directed outward from the
slope. This may occur near the toe of the slope or near a
contrasting conductivity interface that impedes flow and
extends to the hillslope surface.
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